SUMMARY. Volume densities of mitochondria, myofibrils, and unspecified cytoplasm were measured by ultrastructural morphometry in myocardium from dogs, rats, hamsters, mice, and in biopsied tissue from human hearts. Human myocardium was composed of 23% mitochondria, 59% myofibrils, and 18% cytoplasm. Volume densities for mitochondria were 22% for dogs, 28% for rats and hamsters, and 32% for mice. Myofibrillar volume densities were highest in dogs with 63%, 57% for rats and hamsters, and 49% for mice. Differences were significant between all except man and dog, and rat and hamster. In an extensive analysis of canine myocardium, it could be shown that the quantitative composition of tissue from the left ventricular free wall (anterior, lateral, posterior) and the papillary muscles was identical. There were also no differences between subepi-and subendocardium as well as the midmyocardium. Volume densities from longitudinal sections were identical to those from transversal sections. Fixation with glutaraldehyde by perfusion or immersion provided identical results. There were no differences between volume densities in samples from the left ventricular free wall (anterior, lateral, and posterior) in rats, hamsters, and mice. It is concluded that each mammalian species is characterized by a very typical quantitative composition of the myocardium. The increase in mitochondrial volume correlated well with the increase in heart rate and oxygen consumption in smaller animals. These quantitative data are regarded as the morphological correlate of the differing functional capacity of hearts from different species. (CircRes 56: 377-391, 1985) THE quantitative distribution of cellular organelles in myocytes can be measured accurately by morphometric techniques developed for biological research during the last three decades (for review see Weibel 1969) . These data can then be used to calculate the biochemical composition of the myocytes when results of quantitative biochemical techniques, such as absolute enzyme activity measurements, are available. They may then be related with and checked against the absolute amount of the particular cellular organelle in which the enzyme is located. Obviously, quantitative morphology also contributes significantly to morphological research on processes involved in the pathogenesis of cardiac diseases, such as the development of myocardial hypertrophy and many others. The most extensively studied tissue has been the rat heart, whereas only a limited number of morphometric data are available from the hamster, mouse, and dog heart (for summary of the pertinent literature, see Tables 9 and  10 ). Human myocardium obtained in vivo has been studied even less frequently (David et al., 1978; Laguens et al., 1979; Fleischer et al., 1978; Schaper and Schaper, 1983) . It is obvious from the literature that morphometric data for one single species vary greatly (see Table 10 ), between authors, and that the morphometric techniques vary widely as well.
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Methods

Species
Myocardium from four widely used laboratory animals (i.e., dogs, rats, hamster, and mice) were quantitatively investigated. The animals, all healthy, were kept in animal quarters. Additionally, nonhypertrophied nonischemic human myocardium was included in this study.
Dogs
1. Perfusion Fixation. Two mongrel dogs, both of them females with a body weight of 20.0 kg, were anesthetized by injection of piritramide (5 mg/kg body weight) and sodium pentobarbitol (10 mg/kg body weight). The animals were artifically ventilated with a Bird Mark 7 respirator and the thorax was opened in the 5th intercostal space. The femoral artery was prepared free, a catheter was introduced and advanced into the ascending aorta. Through this catheter the coronary vascular system was retrogradely perfused with 3 liters of a well-oxygenated Tyrode's solution (20°C, 400 mOsm) at a mean arterial pressure of 80 mm Hg. An incisure into the right atrial wall served as outflow route for the perfusion fluid. After about 3 minutes, when all blood elements had been removed from the coronary circulatory system, perfusion with 2% glutaraldehyde buffered with 0.1 M sodium cacodylate (20°C, pH 7.4, 400 mOsm) at the same pressure was begun. The hearts stopped bearing, and turned a brown-yellow color. Perfusion fixation was terminated after 5 minutes of total fixative perfusion, the hearts were removed from the thorax, and tissue sampling was initiated. All hearts were transversally cut through the midline between left ventricular apex and base. The upper parts of the papillary muscles remained with the upper part of the heart, which was discarded. From the lower part, a slice was prepared and tissue samples were taken from the anterior (LA), lateral (LL), and posterior (LP) left ventricular wall, as well as from the anterior (AP) and posterior (PP) papillary muscle. All five samples were subdivided into subendocardial, midmyocardial, and subepicardial pieces, and from each of these 15 samples, small tissue probes with either longitudinal or transversal arrangement of myofibrils were prepared. As shown in Figure 1 , a total of 30 tissue samples from each dog heart were thus prepared. The tissue was further processed as described below.
1 Immersion Fixation. Sixteen mongrel dogs, 10 females and 6 males, with an average body weight of 20.0 kg, were anesthetized as described above. After the thorax had been opened, a needle biopsy (Travenol Tru-cut needle) was removed from the left ventricular anterior wall and, after separation into a subendocardial, midmyocardial, and subepicardial tissue sample, immediately fixed by immersion in 2% 0.1 M cacodylate-buffered glutaraldehyde (4°C, pH 7.4, 400 mOsm). The dogs then were used further in various hemodynamic pathophysiological experiments. The tissue was further processed for electron microscopy, as described below. Three adult animals of each species were anesthetized by intraperitoneal injection of sodium pentobarbital (3 mg/100 mg body weight). The abdominal aorta was cannulated and the right atrium opened. After 2 minutes of retrograde myocardial perfusion through the abdominal catheter (80 mm Hg perfusion pressure) with oxygensaturated Tyrode's solution (pH 7.4, 400 mOsm), hearts were perfused for 5 minutes with 2% glutaraldehyde (20°C, pH 7.4, 400 mOsm). The hearts obtained the yellowish-brown color typical of tissue fixed by glutaraldehyde perfusion. After removal of the hearts from the animals' thorax, transmural tissue samples were taken from the anterior, lateral, and posterior left ventricular free wall. A total of three samples per animal and of nine samples per species were further processed for electron microscopy, as described below.
LL
Human Hearts
Informed consent was obtained from all patients for the biopsies. Needle biopsies (1-2 mm in diameter) were taken from the outer half of the left ventricular free wall of six patients undergoing open-heart surgery for correction of an atrial septal defect. All patients had normal nonhypertrophied left ventricles, (as determined by standard clinical procedures) from which the tissues were taken during surgery before induction of cardiac arrest. All biopsies were taken from the area between left coronary descending artery and its r. marginalis. In the operating room, the tissue was immediately fixed by immersion in cold 2% glutaraldehyde buffered with 0.1 M cacodylate buffer (4°C, pH 7.4,400 mOsm), and after transfer to the electron microscopic laboratory, were processed as described in the next paragraph.
Preparation of Tissue for Electron Microscopy
Tissue samples from perfusion-fixed hearts were immersed in 2% glutaraldehyde for 2 more hours. Tissues obtained as needle biopsies were fixed by immersion in 2% glutaraldehyde for a total of 6 hours. After fixation, all tissue samples were treated identically. After frequent rinsing with 0.1 M cacodylate buffer with 7.5% saccharose (4°C, pH 7.4, 400 mOsm), postfixation by immersion for 1 hour in 2% osmium terroxide buffered with 4% veronalacetate buffer (4°C, ph 7.4, 400 mOsm) was carried out. After frequent rinsing with the same veronal-acetate buffer to which 7.5% saccharose was added at room temperature, the tissue was dehydrated in a graded ethanol series. Substitution of ethanol by propylene oxide was followed by incubation of the tissue in a 50%:50% mixture of propylene oxide and epon. After 12 hours, the tissue was embedded in epon and polymerized for 3 days at 55°C. Sections 50 nm thick were prepared, mounted on uncovered copper grids, stained with aqueous uranyl acetate and lead citrate, and viewed in a Philips 300 electron microscope.
Electron Microscopy and Morphometry
From each grid, six sequential squares were selected. From each of these, four tissue areas situated close to the square corners free of nuclei, extracellular space, and microvessels were photographed on a 70-mm film at a magnification of 10,000. This selection corresponds to the 'arbitrary sampling" method advocated by Weibel (1969) .
For morphometric measurements, we used our own method, as described by Winkler et al. (1976) . All micro- graphs were projected as negatives on an electronic tablet (Tektronix 4953) at a final magnification of 30,000.
With an electronic pen, mitochondria and contractile material were delineated and the data stored on a Dectape. The volume densities of mitochondria (V^,), myofibrils (V vmyo ) and cytoplasm (V vcyt ) were calculated, using well established morphometric principles (Weibel, 1969) .
Statistics
All data stored on tape were analyzed with a PDP 11/45 Dec-computer. Means and standard errors were determined from each sample. Statistical tests (Mann and Whitney or Kruskal and Wallis) were used for analysis of differences between groups (Weber, 1972) . Linear regression analysis was used to determine the relationship between physiological and morphometric data. The level of statistical significance was P < 0.05.
Results
Canine Myocardium
The typical appearance of normal myocardium fixed by perfusion is shown in Figure 2 . All volume densities for mitochondria (V vrn , t ), myofibrils (V vm yo)/ and nonspecified cytoplasm (V vcyt ) obtained from a total of 60 tissue samples from two dog hearts are indicated in Table 1 .
On the basis of these data, the possible existence of differences between values from (1) different sampling sites (free wall vs. papillary muscles, anterior, lateral, or posterior part of the left ventricular free wall) (2) different layers of the myocardium (subendocardium, midmyocardium, subepicardium) and (3) different modes of tissue sectioning (transversal vs. longitudinal) were evaluated by multiple analysis of variance. Table 2 shows that no statistically significant differences existed between V^,,, Vvmyo, or V vcy t from any sampling site of the left ventricular wall. Even though some significant differences existed between certain sample regions, e.g., V vm i t in LP and LA in subepicardium and midmyocardium (P < 0.001 and P < 0.01, respectively), the pattern of significances showed a random distribution, i.e., no systematic differences were apparent. It also becomes evident that there was a high variability of volume densities from one sample to the other, which may be seen from the rather high standard errors. Table 3 shows that no sytematic differences existed between the volume densities of the subendocardial, midmyocardial, and subepicardial layers. The statement made with regard to the data presented in Table 2 also applies to Table 3 . Although there are some significant differences between values from different myocardial layers, these significances are randomly distributed and only reflect the great variability of individual values. Vvmtwas highest in the subendocardial layer, but differences were insignificant. Table 5 shows that this difference existed only in dog 1, indicating individual variability.
Influence of Sampling Site
Influence of Sampling from Different Myocardial Layers
Influence of Direction of Tissue Sectioning
A multiple analysis of variance showed that the direction of tissue sectioning had no statistically significant influence on volume density determinations (Table 4) . Only eight tissue samples (indicated by *) from these two dogs showed greater volume densities in longitudinally than in transversally cut sections, but six others (indicated by f) showed opposite changes. As has been shown earlier by Weibel (1969) , the anisotropic structure of the myocardial cell apparently does not influence cellular volume fraction measurement. Figure 3 shows the typical appearance of normal myocardium fixed by immersion. Table 5 shows that there were no statistically significant differences between the mitochondria! volume densities obtained 12.6 ± 10.0 0 12.0 ± 12.5 ± 9.0 1 13.9 ± 10.7 ± 8.6 0 9.3 ± 7.1 ± 6.5 1 8.9 0 16.0 ± 11.8 1 12.9 ± 24.9 ± 23.2 2 29.5 1 11.0 ± 9.8 0 9.7 0 14.7 ± 11.0 1 9.3 1 10.3 ± 9.0 0 7.9. 1 11.3 ± 13.0 ± 11.0 ± from perfusion-fixed myocardium and from immersion-fixed needle biopsies from canine hearts (n = 16 dogs). V vmyo and V vcy , were not evaluated in the latter group because these data originated from a study on the effects of ischemia on mitochondrial volume and surface densities and were used for a doctoral thesis in our institute (Pinkowski, 1983) . The mode of tissue removal and fixation seems to have only a very limited influence on morphometric measurements, provided the number of animals is high enough in those experiments in which perfusion fixation cannot be applied. Table 5 shows representative values for perfusionfixed as well as for immersion-fixed left ventricular canine myocardium. From this table, it is evident that individual differences exist between individual canine hearts with regard to the subcellular composition of myocardial cells, that the mean values of Vvm, t from the two perfusion-fixed dog hearts correspond to the mean value obtained by averaging mitochondrial volume densities from a different group of 16 dogs, and that canine myocardial cells consist of 22.4% mitochondria, 63.7% myofibrils, and 14.1% nonspecified cytoplasm.
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Myocardial Cellular Volume Densities in the Dog Heart
Human Myocardium
The values obtained from six human hearts are also indicated in Table 5 . Human myocardial cells consisted of 22.8% mitochondria, 61.8% myofibrils, 15.4% of unspecified cytoplasm. These values are similar to those obtained for canine myocardium, the only difference being a somewhat lower content of myofibrils in human myocardium. Table 6 shows the data obtained for the smaller animals used in this study. It is obvious that the rat and hamster heart contained a larger volume fraction of mitochondria than the dog heart, and that this value was even higher in the mouse heart. Table 7 shows a comparison of all data from the different species. It is evident from this table that significant differences in V vrmt and V vmyo existed between all species investigated, with only two exceptions: canine and human myocardium were similar, as well as rat and hamster cardiac tissue.
Myocardial Cellular Volume Densities in the Rat, Hamster, and Mouse Heart
A close correlation existed between V vm , t and heart rate, as well as oxygen consumption, in all five species, as shown in Figure 4 , a and b, and Table 8 . An inverse relationship was observed between V vmyo and these physiological variables, i.e., V^^iel! with increasing heart rate.
Discussion
The aim of this study was not only to establish and compare the quantitative composition of myocardial cells from hearts of different species, but also to investigate the influence of several methodological factors on morphometric data obtained from cardiac tissue. The question of methodology was investigated in the two perfusion-fixed dog hearts. After completion of this study, we carried out similar measurements in a group of four more mongrel dogs of about 20.0 kg body weight that were used as control animals in a different experimental series. All hearts were fixed by perfusion with glutaraldehyde. The results with regard to sampling site were The morphometric composition of the subendo-and the midmyocardium is identical in the normal canine heart. Statistically significant differences are randomly distributed. For abbreviations, see Tables  1 and 2. • Values to the right of the diagonal rules are longitudinal; values to the left are transversal. 
The quantitative tissue composition is identical when measured in sections cut longitudinally (L) or rransversally (T).
• Volume densities larger in longitudinal (L) than in transversal (T) sections. f Examples where volume densities in longitudinal (L) sections are smaller than in transversal (T) sections from identical sampling sites. It is evident, from this table, that all differences are randomly distributed. For further explanation, see text.
identical, compared to those from the two canine hearts, which are therefore considered as representative, and sufficient for the investigation of methodological factors.
Sampling from the Left Ventricle
It is well known that differences exist in the cytoplasmic composition between left and right ventricles of rats (Laguens, 1971; Imamura et al., 1979; Olivetti et al., 1980; Anversa et al., 1982) , and also between atrial and ventricular tissue (Anversa et al., 1975; Hirakow, 1980; Bossen et al., 1980) . Imamura et al. (1978) reported mitochondrial and myofibrillar volume densities in the left ventricular free wall of the same rats in which Kawamura et al. (1976) had investigated the posterior papillary muscle 2 years earlier. The values obtained by both authors seem to be different (see Table 9 ), but this difference was not commented upon. Herbener et al. (1973) reported widely differing mitochondrial volume fractions from four different sampling sites of the mouse heart. Mall et al. (1978) prefer to use the posterior papillary muscle for technical reasons. By comparing his data with those of others, Mall et al. (1978) came to the conclusion that there exists a genuine quantitative difference between left ventricular papillary muscles and chamber wall muscle, probably especially in small animals. Most authors, however, prefer random sampling, which is a well-established principle in morphometry (Weibel 1969) , although no systematic study has yet shown whether or not the differences in mechanical performance between papillary muscles and the left ventricular free wall have a structural quantitative equivalent. However, from our earlier data (Winkler et al., 1977) , and from the data presented here, it may be concluded that all parts (or regions) of the left ventricle possess a similar quantitative composition and that, therefore, random sampling may be applied.
Sampling from Myocardial Layers
It is a well-established fact that, after coronary artery occlusion, the subendocardium is much more susceptible to ischemic injury than the subepicardium (for review of the literature, see J. Schaper, 1979) . Furthermore, after initiation of cardiac hypertrophy by constriction of one renal artery, the subepicardial region has been reported to show a more progressed stage of hypertrophy, whereas subendocardial enlargement lagged behind (Anversa 1978) . It has been reported that differences exist in myocyte size and capillary densities between the subepi-and the subendocardium in the dog heart (Gerdes et al., 1980; Martorana et al., 1983) , as well as in rat myocardium (Anversa et al., 1978; Gerdes et al., 1979) . Tomanek et al. (1979) found in rat hearts a higher mitochondrial and lower myofibrillar fraction in the subendocardium than in the subepi- All values are mean ± SE from three animals in each group. Differences between sampling sites are absent, but rat and hamster mean values are significantly different from those of mice (see Table 7 ). Table 7 illustrates that volume densities are significantly different (P< 0.025 or P < 0.001) between all species except between canine and human hearts and between rat and hamster cardiac tissue. This comparison applies for mitochondrial (above diagonal rule) as well as myofibrillar (below diagonal rule) volume densities. heart rate beats/min cardial layer, but the differences were not indicated as being significant. Our finding of a similar quantitative composition in myocytes from all three layers of canine left ventricles are in agreement with the data reported by Gerdes et al. (1980) and Anversa et al. (1978) . Under pathological conditions, as, for example, hypertrophy or chronic ischemia (J. Schaper, own observations), significant differences may occur in the cytoplasmic composition of myocytes from the inner and outer myocardial layer.
Direction of Sectioning
Myocardial cells are composed of geometrically anisotropic tissue elements which do not have random orientation in space. Anisotropy does not influence the determination of volume densities, according to Delesse's principle (Weibel, 1969) , which, in the present study is confirmed by comparing volume densities obtained from either longitudinally or transversally cut sections. However, anistropy and, therefore, the direction of sectioning the tissue, may influence the determination of surface densities, i.e., membrane profiles within a reference volume (Mall et al., 1978) . 
Mode of Tissue Fixation and Preparation
The choice of the fixative and its osmolarity may influence quantitative morphological data (Eisenberg and Mobley, 1975; Hayat, 1981) . Shrinkage of the tissue may be as high as 45% of the original volume (Eisenberg and Mobley, 1975) . Bossen et al. 
Physiological Data from Different Species
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This table demonstrates the variability of quantitative data published by three different groups of investigators. P = perfusion; I = immersion. (1978, 1981) , therefore, caution against comparing stereological data obtained by different methods. Gerdes et al. (1982) , using isolated myocytes, have shown that variations in tissue preparation may cause changes in cellular and tissue geometry, and they reported that an iso-osmolar fixative provides reproducible quantitative results. Legato (1979) , on the other hand, believes that a varying osmolarity of solutions does not have a significant influence on quantitative data, whereas the choice of the primary fixative may significantly alter cell volume. On the basis of our own results and the work of many other investigators compiled in Tables 9 and 10 , we would like to present a slightly different view. It is not necessarily the different fixative that influences stereological data. From the widely varying data on volume densities in rat myocardium, as indicated in Tables 9 and 10 , it becomes evident that there exists no relationship between the fixative used and the level of volume densities determined. Furthermore, choice of fixation of the tissue by vascular perfusion or by immersion also seems to be without any substantial influence, as confirmed by the similarity of our own data obtained from perfusion-or immersion-fixed dog myocardium. It should be mentioned, however, that immersion fixation produces reliable reproducible results only when all preparatory conditions are optimal, i.e., if there is no time lag in fixation caused by specimens too large in size, or requiring special dissection procedures. Immersion fixation certainly is not the method of choice because of its uncertain fixing qualities, but it may provide useful data when handled properly in cases in which perfusion fixation is not applicable. As long as the fixation procedure has produced optimal tissue preservation, including avoidance of intracellular edema, and as long as cell volume fractions are being measured, as opposed to absolute values, cellular shrinkage seems to be a minor problem. Errors in stereological measurements are much more likely to be induced by the mode of tissue sampling, by the number of animals, samples, and micrographs investigated, and by the actual morphometric procedure. All these factors are handled in a nonuniform way throughout the literature, and their variation may explain the many deviations for one single species.
Experimental Results
This study shows that each of the four investigated animal species and the human heart has its own characteristic quantitative composition of myocardial cells.
Human Myocardium
Clinically normal human left ventricles contained 23% mitochondria, 62% myofibrils, and 15% cytoplasm. Only few data are available in the literature on human myocardium. David et al. (1978) reported mitochondrial to myofibrillar volume ratios in myocardium from children with Fallot's tetralogy or with a ventricular septum defect but values for normal nondiseased human myocardium were not indicated. Laguens et al. (1979) reported 24.4% mitochondria in three patients with progressive angina, between 28.6 and 36.0% mitochondria for patients in various stages of coronary insufficiency, and 38.2% mitochondria in mitral stenosis. Values for nondiseased human myocardium were not given in this study. Our group Schwarz et al., 1980; Schaper et al., 1981; Schaper and Schaper, 1983) has published several papers on morphometric data in hypertrophied or ischemic human myocardium. Fleischer et al. (1978 Fleischer et al. ( , 1980 found in patients with apparently normal left ventricles a mitochondria] volume of 34%, independent of the age of the patients. The myofibrillar volume, on the other hand, was 47% in young patients (5-15 years) but 52% in older individuals (more than 45 years). Unverferth et al. (1981) Our, data on normal human myocardium are similar to those previously published (Schaper and Schaper, 1983) as control data in a morphometric study on hypertrophy of human left ventricles. In the aforementioned study by Schaper and Schaper, and in the present study, nonhypertrophied myocardial tissue was obtained from patients who underwent closure of an atrial septal defect during open-heart surgery. Because of the obvious difficulties in obtaining normal myocardium from humans, we considered this tissue to be the optimal approximation to normal conditions. Sampling of the myocardium by the needle biopsy technique and fixation by immersion in glutaraldehyde evidently did not influence these morphometric data, as shown by the similarity of results obtained in both studies. The quantitative data presented in this study obtained in canine myocardium fixed by perfusion or immersion confirm this finding.
Dogs
Normal dog hearts contained 22% mitochondria and 63% myofibrils in myocytes from the left ventricle. Papadimitrou et al. (1974) and McCallister et al. (1978) obtained slightly higher values for mitochondrial volume densities, and McCallister et al. (1978) reported a lower amount of contractile material (54%). Partin et al. (1972) reported 25% mitochondria in the normal dog heart; Legato (1975) , 24% mitochondria and 48% myofibrils; Gerdes et al. (1980, 25% mitochondria and 57% myofibrils; and Goldstein (1983) , 23% mitochondria. It is interesting to note that the mitochondrial volume densities are in rather close agreement in all the studies cited here, but the values for myofibrillar and therefore also for cytoplasmic densities are very divergent. Since the contractile material is a diffuse structural entity, not delineated by a membrane such as the mitochondria, errors in the definition of myofibrils while counting for volume fractions seem to be possible. In micrographs from truly randomly sampled areas, the amount of contractile material varies much more than that of mitochondria, which, if only a smaller number of micrographs were evaluated, could be a further source of error.
The data from Legato's (1979) study on normal growth of myocytes in dogs are difficult to compare, because the volume densities are indicated as points Circulation Research/Vol. 56, No. 3, March 1985 but not as percentages. Quantitative studies have shown that the composition of myocardial cells changes during fetal and postnatal development in the mouse (Herbener, 1976) , hamster (Colgan et al., 1978) , and rat (Page et al., 1974; Anversa et al., 1975; David et al., 1979; Olivetti et al., 1980; Hirakow et al., 1980) hearts; this was also found by Legato (1979) to be true in dog hearts.
Rats
The largest variations in myocardial volume densities are evident in the rat, the laboratory animal used most frequently in morphometric studies. We obtained 28% of mitochondrial and 57% of myofibrillar volume density in normal rats, which result is in agreement with the data obtained by Arcasoy (1968) , Mall et al. (1980) , Tomanek and Hovanec (1981) , McCallister (1979) , and Mattfeldt et al. (1983) . Reith and Fuchs (1973) , Tomanek et al. (1979 Tomanek et al. ( ,1982 , and Craft-Cormney and Anversa et al. (1983) measured mitochondrial volume densities around 32%, i.e., slightly higher than our values, but many authors (see Tables 9 and 10 ) have much higher values for mitochondrial volume fractions. Again, it is interesting to note that the values for myofibrillar volume densities vary widely, without relationship to the level of the mitochondrial volume. Table 10 shows volume densities for normal rat myocardium published by three different groups during the last 10 years. It is evident from this table that the different experimental series, even from one group of investigators, showed a differing quantitative composition of left ventricular myocytes, independent of the mode of fixation as well as of the choice of the primary fixative. The greatest consistency of results may be found in the data published by Anversa's group (Table 10) , but, even there, a variability from 32-35% is evident. Variations are present in both mitochondrial and myofibrillar densities, but they are more pronounced in the latter. These variations in control values are indicative of an individual deviation from the mean value characteristic for one particular species. Our own data confirm this view. The individual animals from all our species showed a somewhat different quantitative composition of myocardial cells, and even the values for the various sampling sites within one particular animal varied slightly. It is believed that this is caused by a biological variability which warrants the preparation of a new control series with each new experimental setting.
Hamster
In hamster hearts, we found 28% mitochondria and 56% contractile material. Lazarus et al. (1976) reported 28% for mitochondrial volume density, and Martorana et al. (1979) also measured 28%, whereas Bozner and Dostal (1977) obtained 37%. The values for myofibrillar densities varied from 45% (Lazarus et al., 1976) to 69% (Martorana et al., 1979) . Mouse s In our mice, mitochondrial volume density was 32%, which is lower than the data found in the literature (Herbener 1973 (Herbener , 1976 Tate et al., 1976; Bossen et al., 1978; Kainulainen et al., 1979 ; see also Table 9 ).
Functional Importance of Morphometric Data
Mitochondrial volume densities showed differences that were statistically significant for all species except the human vs. the canine, and the rat vs. the hamster heart. Despite the biological variability between data from individual hearts, each of these mammalian species was found to possess a very specific and characteristic quantitative composition of myocardial cells. A close correlation existed between body weight and heart weight. The ratio between both [the relative heart weight (gAg)] is also characteristic for each particular species, and decreases with decreasing size of the animals (Clark 1927). However, within one particular species, some variations in the heart weight:body weight ratio may exist because of differences between individuals in age, physical activity, and/or nutritional state (Clark, 1927; Brody 1945) , or because of pathological factors.
Dogs exhibit the highest relative heart weight (Herrman 1925), i.e., gram heart weight per kg body weight, among all of the species investigated in this study (see Table 8 ). Both canine and human hearts possess 22-23% of mitochondria. It can then be calculated that 8-g relative heart weight consisting of 22% mitochondria contains 1.76 g mitochondria. This then also means that dog hearts contain 1.76 g mitochondria per kilogram body weight. In normal humans, 4 g heart per kilogram body weight are present which, when in the presence of 22% mitochondria per unit heart weight, then means that humans have only 0.88 g cardiac mitochondria per kilogram body weight. The fact that dogs have twice as much heart-and, therefore, more mitochondria-per kilogram body weight, than humans, may explain the fact that-in the presence of an almost identical quantitative composition of heart muscle cells-the endurance and speed performances of dogs are much higher than those of man.
With decreasing animal size, the heart rate increases drastically (Table 8) , and an increased myocardial metabolic rate parallels the elevated heart rate. Basal metabolic rate is also higher in smaller animals (Altman, 1974) . The morphological correlate of a high oxygen consumption because of a higher metabolic rate appears to be the increased volume density of mitochondria, i.e., the presence of more mitochondria in each heart muscle cell of small animals. Consequently, the amount of contractile material decreases. The number of cristae and, therefore, of respiratory chains might be a limiting factor for the metabolic rate Hoppler et al., 1981) . Weibel et al. (1981) proposed the term 'symmorphosis * to express the general principle of a regulated morphogenesis adapted to functional needs. Mathieu et al. (1981) , in a morphometric study of skeletal muscle, found a close correlation between total mitochondrial mass and maximal oxygen consumption (Vo 2m ax)-These findings are in agreement with our data showing an increased Vvmjt in the presence of a higher Vc>2max in small animals. We therefore believe that the quantitative analysis of the mitochondrial content in myocardial cells is a measure of the oxidative capacity of cardiac muscle.
In summary, it has been shown that neither the site of sampling nor the direction of sectioning influences the determination of volume densities in normal cardiac muscle. Each of the animal species, including man, showed a characteristic quantitative composition of its myocardial cells. In rats, hamsters, and mice, Vvmit was significantly higher than in dogs or man. V™,, correlated well with the specific Vc>2max, in each species. It is postulated that the amount of mitochondria in myocardial cells reflects the oxidative capacity of cardiac muscle.
